Late after infection of cultured human cells (KB) with adenovirus type 2, the nucleus contains heterogeneous viral RNA species ranging in size from 10 to 43 S. Four viral RNA species found in the nucleus (36, 38, 40, and 43 S) Cultured human cells infected with adenovirus type 2 (Ad 2) transcribe specific adenovirus gene sequences during productive infection (1-3). Before viral DNA synthesis (6 hr after infection) virus-specific RNA is transcribed from 15-20% of the Ad 2 genome (2); most of this RNA is detected as two major viral species, with sedimentation coefficients of 23S and 17S (4, 5). Late after infection (16-18 hr), virus-specific RNA is transcribed from 85 to 95% of the adenovirus genome (3). The virus-specific RNA species synthesized late after infection code for the synthesis of the 8-10 known capsid polypeptides, which range in molecular weight from 15,000 to 130,000 (6-9). We report here an analysis of the late-viral RNA species, present at 16-18 hr after infection, which reveals that high molecular weight viral RNA species sedimenting at 36-43 S are found in the nucleus and appear to be precursors of the 10-29S viral-specific RNA species found in the cytoplasm.
RNA species accumulate when labeling is continued for longer periods. In contrast, 6-8 viral RNA species, of sedimentation coefficient from 10 to 29 S, are found in the cytoplasm after a 30-min pulse label and a 2-hr chase.
DNA-RNA hybridization-competition experiments demonstrate that viral RNA sequences present in nuclear 36-43S RNA are also present in cytoplasmic and polyribosomal RNA, suggesting that at least some of the cytoplasmic viral-specific RNA molecules are derived by cleavage of high molecular weight precursors from the nucleus.
Cultured human cells infected with adenovirus type 2 (Ad 2) transcribe specific adenovirus gene sequences during productive infection (1) (2) (3) . Before viral DNA synthesis (6 hr after infection) virus-specific RNA is transcribed from 15-20% of the Ad 2 genome (2); most of this RNA is detected as two major viral species, with sedimentation coefficients of 23S and 17S (4, 5) . Late after infection (16-18 hr) , virus-specific RNA is transcribed from 85 to 95% of the adenovirus genome (3) . The virus-specific RNA species synthesized late after infection code for the synthesis of the 8-10 known capsid polypeptides, which range in molecular weight from 15 ,000 to 130,000 (6) (7) (8) (9) . We report here an analysis of the late-viral RNA species, present at 16-18 hr after infection, which reveals that high molecular weight viral RNA species sedimenting at 36-43 S are found in the nucleus and appear to be precursors of the 10-29S viral-specific RNA species found in the cytoplasm.
MATERIALS AND METHODS
Infection, cell fractionation, and RNA isolation Suspension cultures of KB cells, at 2-3 X 105 cells/ml, were infected with Ad 2 (strain 38-2) at an input multiplicity of 50 plaque-forming units (PFU)/cell, as described previously (3).
[3H]uridine (4 yCi/ml, 20 These measurements were performed with viral DNA immobilized on nitrocellulose filters as described (10, 11) . Ad 2 DNA was prepared from highly purified virus (12) .
Polyacrylamide gel electrophoresis and zone centrifugation in sucrose density gradients Labeled RNA from infected cells was resolved on either 2.8 or 3.1% polyacrylamide gels, the gels were sliced, the RNA was eluted from each slice, and the viral RNA was quantitated by hybridization with viral DNA (4).
RESULTS
Ad 2 late RNA species in the cell nucleus Nuclear RNA species from KB cells labeled with [3H]uridine for 15 min and 60 min, at 18 hr after infection with Ad 2, were resolved by electrophoresis on 2.8% polyacrylamide gels. Radioactive RNA was eluted from the gel slices and annealed with Ad 2 DNA. As many as 10 virus-specific RNA species larger than 26 S can be detected after 15-and 60-min labeling periods (Fig. 1) . Nr-NIv appear to be the major viral RNA species labeled during a 15-min pulse with [8H]uridine (Fig.   1A ). Increasing proportions of Nvi-Nx, as well as at least three smaller RNA species, were evident after 60 min of labeling (Fig. 1B) . Treatment of nuclear RNA, labeled for 60 min, with 8 M urea (Fig. 2 ) or95% dimethylsulfoxide (notshown) did not alter the number of RNA species nor their rate of migration. Since it has been demonstrated that such treatment is sufficient to disrupt much of the secondary structure of the 70S RNA of murine leukemia virus (13, 14) , we conclude that these large viral RNA species in the nucleus are intact adenovirus RNA molecules with molecular weights as high as 4 X 106 (Table 1) , and do not represent RNA species aggregated during isolation of the nuclear RNA. We cannot rule out completely the possibility that Ni-Niv represent one or two virusspecific RNA molecules at different stages of cleavage. However, all four RNA species were detected in about the same relative amounts after a brief (7 min) labeling period, suggesting that they probably represent discrete nucleotide sequences. hr, and virus-specific RNA was identified by annealing with Ad 2 DNA (Fig. 3 ). 8-10 virus-specific RNA species between 12 and 36 S were resolved. The rate of migration of the viral RNA species remained the same after treatment with either 8 (Fig. 4A ) or 5 hr (Fig. 4B) . In contrast to the continuous-labeling experiment, no virus-specific RNA was detected with a sedimentation coefficient larger than 30 S. 6-8 virus-specific RNA species between 12 and 30 S were resolved after short electrophoresis (Fig. 4A ) and these were further separated by longer electrophoresis (Fig. 4B) . The viral RNA species present after a pulse-chase experiment (L,-Lvil) probably represent stable, functional viral mRNA molecules transcribed late after infection. As shown in Table 2 , there is good correlation between the estimated polypeptide equivalent of several of the viral RNA species and a specific adenovirus structural polypeptide (6-9), e.g., LI, may code for hexon, LIV for penton, Lv for fiber, and LVI for core.
Are high molecular weight nuclear RNA species precursors to cytoplasmic viral RNAs?
The extent of sequence homology between the high molecular weight nuclear RNA and cytoplasmic RNA was determined by DNA-RNA hybridization-competition experiments. (10, 11) .
Proc. Nat. Acad. Sci USA 68 (1971) e I= -C. Our data present evidence that late gene expression is controlled at least at two levels: (1) transcriptional and (2) post-transcriptional. (1) transcription of virus-specific RNA synthesis is controlled by specific binding of RNA polymerase to a limited number of initiation regions, resulting in the transcription of large precursor viral RNA molecules. For example, assuming that the nuclear RNAs NI, N11, and NiII are discrete nucleotide sequences, the transcription of these, three RNA species would result in the transcription of as much as 95% of the Ad 2 DNA. (2) The post-transcriptional control occurs during the cleavage of precursor viral RNA molecules from the nucleus to smaller, virus-specific RNA prior to translation on the cytoplasmic polyribosomes. The heterogeniety in size distribution of the virus-specific RNA of the nucleus probably reflects the cleavage of these precursor RNAs to smaller RNA species within the nucleus. While the detection of 30-36S cytoplasmic viral RNA in continuous-labeling experiments, but not in pulse-chase experiments, suggests that some precursor RNA molecules may be cleaved within the cytoplasm, we cannot readily distinguish between viral RNA species undergoing cleavage in the cytoplasm and viral RNA that appears in the cytoplasm as a result of leakage from the nucleus in vivo or in vitro.
The calculated size of the polypeptides coded for by Lii, Liv, Lv, LvI and the known structural polypeptides of the adenovirus virions (Table 2) are compatible with the specific cleavage of precursor RNAs to monocistronic mRNAs. The observation of Li, which could code for a polypeptide chain of 180-200,000 daltons, and the absence of any polypeptide chain that large in infected cells (9) , suggests that large polypeptides may be synthesized and specifically cleaved to smaller peptides, as has been recently shown for poliovirus proteins (16) and for the core peptides of vaccinia virus (17) . While the transcription of Ad 2 DNA and the post-transcriptional cleavage of Ad 2 RNA appear similar to that observed for herpes virus DNA (18) and SV40 DNA (19) , it appears uniquely different from the transcription and cleavage of ribosomal RNA (20) (21) (22) (23) and nuclear DNA-like RNA (24) (25) (26) (27) (28) . The processing of nucleolar rRNA and nuclear DNAlike RNA results in the specific cleavage and degradation of a portion of the initial RNA sequence. In contrast, all the nucleotide sequences contained in the 36-43S Ad 2 nuclear RNA are present in polyribosomal RNA, demonstrating that these RNA sequences are conserved during post-transcriptional cleavage and transport to the cytoplasm. The experiments presented here provide techniques to identify specific precursor viral RNAs within the cell nucleus and to follow the fate of these RNA species within the cell and, in addition, present an unique opportunity to study in detail the mechanism that governs the processing, transport, and translation of a defined viral mRNA molecule.
